load. This study aims to elucidate the molecular mechanisms by which DCT/CNT cells sense fluid dynamics to control transepithelial Ca 2+ reabsorption and whether their primary cilia play an active role in this process. Mouse primary DCT/CNT cultures were subjected to a physiologic fluid shear stress (FSS) of 0.12 dyn/cm 2 . Transient receptor potential vanilloid 5 and Na + -Ca 2+ exchanger 1 mRNA levels were significantly increased upon FSS exposure compared with static controls. Functional studies with 45 Ca 2+ demonstrated a significant stimulation of transepithelial Ca 2+ transport under FSS compared with static conditions. Primary cilia removal decreased Ca 2+ transport in both static and FSS conditions, a finding that correlated with decreased expression of genes involved in transepithelial Ca 2+ transport; however, FSS-induced stimulation of Ca 2+ transport was still observed. These results indicate that nephron DCT and CNT segments translate FSS into a physiologic response that implicates an increased Ca 2+ reabsorption. Moreover, primary cilia influence transepithelial Ca 2+ transport in DCTs/CNTs, yet this process is not distinctly coupled to FSS sensing by these organelles.-Mohammed, S. G., Arjona, F. J., Latta, F., Bindels, R. J. M., Roepman, R., Hoenderop The kidneys play an essential role in maintaining the systemic balance of Ca 2+ in our body. Ca 2+ reabsorption takes place in distal convoluted and connecting tubules (DCTs and CNTs, respectively) of the nephron. In these segments, Ca 2+ reabsorption is a rate-limiting process that determines the final amount of Ca 2+ excreted via urine (1) . In detail, Ca 2+ is reabsorbed in DCTs and CNTs transcellularly. This process is facilitated by the transient receptor potential vanilloid 5 (TRPV5) Ca 2+ channel, which is responsible for entry of Ca 2+ into the cell from the luminal side; the intracellular protein calbindin-D 28k , which carries Ca 2+ intracellularly toward the basolateral side; the Na + -Ca 2+ exchanger 1 (NCX1); ATP-dependent plasma membrane calcium ATPase 1 (PMCA1); and the recently identified PMCA4a (2-4), which conforms the basolateral extrusion mechanism toward the blood circulation. The relevance of transcellular Ca 2+ transport in DCTs and CNTs is demonstrated by the fact that slight disturbances in this process lead to renal Ca 2+ wasting, which can result in severe neurologic and cardiovascular impairments (5, 6) .
In the last decade, several factors that regulate the TRPV5 channel have been identified, namely the calciotropic hormones 1,25-dihydroxyvitamin D 3 (7) , parathyroid hormone (8) , antiaging hormone Klotho (9) , and dietary Ca 2+ (6) . In addition, recent studies have shown that renal cells respond to mechanical stimuli, such as fluid shear stress (FSS) generated by urinary ABBREVIATIONS: CH, chloral hydrate; CNT, connecting tubule; COPAS, Complex Object Parametric Analyzer and Sorter; DCT, distal convoluted tubule; eGFP, enhanced green fluorescent protein; FSS, fluid shear stress; MCP1, monocyte chemoattractant protein-1; NCX1, Na + -Ca 2+ exchanger 1; PC1, polycystin 1; PC2, polycystin 2; PMCA1/4a, plasma membrane calcium ATPase 1/4a; PSS, physiologic salt solution; RR, ruthenium red; qPCR, quantitative PCR; TRPV5, transient receptor potential vanilloid 5 flow, to regulate the activity and abundance of ion channels (10-13); therefore, epithelial cells in the nephron are stimulated by the passage of preurine in the lumen of the tubules. This process is truly dynamic, as the tubular flow rate, which is pulsatile in nature, is highly variable, ranging from 5 to 15 nl/min under physiologic conditions (14, 15) . This generates FSS that is coupled with K + excretion in the distal renal tubule (16, 17) . This flow-stimulated K + secretion is mediated by the voltagedependent BK channel and might be coupled to local release of ATP upon flow sensing (18) . Likewise, we hypothesize that mechanosensation of FSS by DCT/ CNT cells is one of the regulatory mechanisms that maintain renal Ca 2+ balance. In previous studies, TRP channel family members were found to be sensitive to FSS. TRPV4, for instance, is activated by FSS, which results in increased channel activity (19, 20) . Another member of the TRP channel family, polycystin 2 (PC2), is known to interact with other Ca 2+ -permeable channels, including TRPV4, to form heteromers that are sensitive to FSS (21) . Yet PC2 heteromers and TRPV4 are not related to transepithelial Ca 2+ transport but to Ca 2+ signaling (21) . In the present study, we postulate that FSS regulates Ca 2+ reabsorption by regulating the channels and transporters relevant for transepithelial Ca 2+ transport in DCTs and CNTs (i.e., TRPV5 and NCX1).
Although it is clear that renal cells respond to mechanical stimuli, the mechanisms that underlie mechanosensation are not well understood. It is possible that multiple mechanosensory mechanisms are present in renal cells and are activated with FSS. Among the putative molecular components that have been reported to sense FSS are the glycocalyx, the cytoskeleton, integrin signaling, and several transmembrane ion channels (22, 23) . In addition, the primary cilium, which protrudes from the apical surface of all renal epithelial cells (except for distal intercalated cells), has recently been reported to serve as a sensor for fluid flow that is not coupled to Ca 2+ signaling (24) . Conversely, bending of primary cilia by flow regulates other downstream signaling mechanisms, such as the serine/threonine kinase 11 pathway (25) . Proteins localized to the cilium [i.e., polycystin 1 (PC1), among others] are reported to bestow mechanosensory ability to the cilium (26, 27) . Noting its versatile role, a significant number of human genetic disorders, termed ciliopathies, are linked with dysfunctional primary cilia.
In the present study, we aim to elucidate the molecular mechanisms that underlie Ca 2+ reabsorption in DCTs and CNTs upon mechanosensation and the implication of primary cilia in this process. Thus, we used primary DCT and CNT cells that were isolated from the kidney of transgenic mice that expressed enhanced green fluorescent protein (eGFP) under the control of a TRPV5 promoter (28) . By combining functional analyses of Ca 2+ transport under FSS and ciliated and nonciliated DCT/CNT cells, we provide functional evidence for a key role of mechanosensation in the regulation of transepithelial Ca 2+ transport in the kidney.
MATERIALS AND METHODS

Breeding of transgenic mice
Transgenic mice that expressed eGFP under control of the TRPV5 promotor (pTRPV5-eGFP) were generated as described by Hofmeister et al. (28) . Mice were housed with free access to an SSNIFF rodent complete diet (SSNIFF, Soest, Germany) and water. Genotyping by PCR was performed to assess expression of eGFP. Primers used for genotyping were as follows: forward, ATGGTGAGCAAGGGCGAGGAGCT and reverse, GCCGA-GAGTGATCCCGGCCGCGGT. Homozygous or heterozygous mice for eGFP could not be distinguished from each other, so both were selected. The animal ethics board of the Radboud University, Nijmegen, The Netherlands, approved all experimental procedures in compliance with the European directive 2010/63/EU. All animal procedures were carried out in accordance with approved guidelines.
DCT/CNT isolation
DCT/CNT segments were isolated by using the Complex Object Parametric Analyzer and Sorter (COPAS; Union Biometrica, Holliston, MA, USA) as described by Markadieu et al. (29) after optimization. In brief, mice age 4-6 wk were intraperitoneal anesthetized (0.1 mg/g ketamine and 0.01 mg/g body weight xylazine) and perfused with ice-cold Krebs buffer, pH 7.4. Kidney cortex was dissected, minced, and subjected to 3 subsequent digestion steps that consisted of incubation in 7 ml of digestion solution composed of 1 mg/ml collagenase type 1 (Worthington Biochemical, Lakewood, NJ, USA) and 0.9 mg/ml hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) in Krebs buffer for 15, 6-8, and 5-7 min at 37°C, with brief shaking. Each digestion step was followed by filtration, where tubule suspension was filtered through a 100-mm sieve and collected on a 40-mm sieve (BD Biosciences, Breda, The Netherlands). The material that remained on the 100-mm sieve was subjected to additional digestion steps as previously described. Tubules collected from the 3 digestions were mixed, kept on ice, and sorted by COPAS biosorter. Tubules were sorted by using the enhanced mode configuration (sort region parameters: vertex: x = 100 a.u., y = 14 a.u.; polygon: x = 100 a.u., y = 14 a.u.). Detailed instrumental settings were previously described (29) . By using this protocol, an estimated 2000 eGFP-expressing tubules were sorted per hour, which resulted in 4000-10,000 tubules collected per mouse. Isolated tubules were transferred into a 1.5-ml Eppendorf tube and kept on ice until all samples were sorted, after which the tubules were pelleted (800 g, 5 min, 4°C).
Primary cell culture
Two thousand fluorescent tubules were pelleted as described previously and suspended in prewarmed cell culture medium (DMEM/F-12, 1:1 v/v; Thermo Fisher Scientific, Waltham, MA, USA) that was supplemented with 60 nM sodium selenite, 5 mg/ml transferrin, 2 mM L-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 2% (v/v) fetal calf serum, 6 mg/ml insulin, 13 mM D-glucose, 0.5 mM sodium pyruvate, 20 mg/ml ciproxin, and 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)/NaOH, pH 7.3. Tubules were seeded onto 0.33-cm 2 polycarbonate transwell inserts (Corning Costar, Corning, NY, USA) that had been previously coated with rat-tail collagen [16 ml/insert of 0.75 mg/ml collagen in 95% (v/v) ethanol with 0.25% (v/v) acetic acid]. Volumes used in apical and basolateral compartments were 100 and 600 ml, respectively, according to manufacturer recommendations. Tubules were cultured at 37°C in 5% (v/v) CO 2 and medium was refreshed every 1-2 d. We have previously shown that transepithelial resistance increased significantly at d 3 of culture, reaching a maximum at d 6 and remaining stable until d 8 (3).
Application of FSS on DCT/CNT cultures
Sorted tubules were seeded onto 0.33 cm 2 transwell inserts and cultured as described previously. After 24 h, medium was refreshed and cells were cultured in either static or dynamic conditions. The dynamic (pulsatile) condition was provided by an UltraCruz 2-dimensional rocker (Santa Cruz Biotechnology, Heidelberg, Germany) with a tilt angle of 30°and an oscillation frequency of 20 cycles/min. The characteristic FSS in this setup was calculated by using the formula described by Zhou et al. (30) to quantify FSS in a rocking culture dish. In our transwell system, maximal flip angle was equal to the critical flip angle of 0.175 Rad, which led to a characteristic FSS of 0.012 Pa or 0.12 dyn/cm 2 . To validate that adequate FSS was generated by using the aforementioned settings, gene expression of monocyte chemoattractant protein-1 (MCP1)-a marker for FSS-was analyzed at d 7. Medium was refreshed daily, and at d 6 and 7 of culture, transepithelial resistance was measured. Depending on resistance development, at d 7 or 8, filters were preceded by either transepithelial 45 
Ca
2+ transport assay, RNA isolation, immunostaining, or immunoblotting.
RNA isolation and cDNA synthesis
After 7 d of DCT/CNT culture, mRNA was extracted by using the RNeasy Micro kit (Qiagen, Hilden, Germany). In brief, cells were lysed in RNeasy lysis buffer (RLT; provided by the kit) that contained 2-ME. Lysis mix was transferred into a spin column and subsequent steps of washing and DNase treatment-to remove genomic DNA contamination-were applied according to manufacturer protocol. Finally, mRNA was diluted in 14 ml of nuclease-free ultrapure water. RNA concentrations were measured spectrophotometrically and purity was determined: in all samples, the ratio of optical density at 260 and 280 nm wavelength was .1.8. Subsequently, RNA was reverse transcribed by Moloney Murine Leukemia Virus Reverse Transcriptase (Thermo Fisher Scientific) according to manufacturer instructions (1 h at 37°C). Samples were then diluted 1:5 with nuclease-free ultrapure water and stored at 220°C until further use.
Quantitative real-time PCR
Relative mRNA expression was assessed by real-time quantitative PCR (qPCR). Primers used for real-time qPCR were designed by using the Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/ tools/primer-blast/) and are listed in Table 1 . cDNA template (2.5 ml) and an optimal concentration (400 nM, determined for each gene during primer validation) of forward and reverse primers were added to 6.25 ml 23 iQ SYBR Green supermix (BioRad, Veenendaal, The Netherlands). Total volume was adjusted to 12.5 ml with diethylpyrocarbonate-treated deionized H 2 O. Real-time qPCR (7 min at 95°C, 40 cycles of 15 s at 95°C and 1 min at 60°C) was carried out by using a CFX96 detection system (BioRad). As a negative control, cDNA template was substituted for diethylpyrocarbonate-treated water. In addition, to ensure that residual genomic DNA was not being amplified, control samples in which reverse transcriptase was omitted during cDNA synthesis were included in the plates during measurements. All samples were normalized to the expression level of the standard mouse-specific reference gene Hprt (hypoxanthine-guanine phosphoribosyl transferase). Gene expression data were calculated by using the Livak (2 2DDCt ) method and they represent the mean fold difference from the calibrator/control group.
For primer validation, standard curves with serially diluted cDNA were generated, and primer concentration was optimized to ensure the efficiencies of real-time qPCR (95-105%). Construction of SYBR green dissociation curves after completion of 40 PCR cycles revealed the presence of single amplicons for each primer pair. Amplicon size was confirmed by electrophoresis in 1.5% (w/v) agarose gel. Ca 2+ transport assays were performed as described previously (3) . In short, monolayers were preincubated with 5 mM indomethacin [to inhibit prostaglandin synthesis (31)] in culture medium for 30 min. Assays were conducted at 37°C; all buffers were prewarmed. Cells were washed with physiologic salt solution (PSS), then the apical buffer was replaced with PSS (100 ml) that contained 3 mCi/ml 45 
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, whereas basolateral buffer (600 ml) was replaced with PSS only. Cells were incubated at 37°C. A volume of 10 ml of sample was withdrawn from the apical and basolateral side at time point 0, whereas on subsequent time points (10, 30, 60, 120 min) withdrawal was only from the basolateral side. Samples were later analyzed for radioactivity by using a liquid scintillation counter. Transport rate was calculated from the slope of the linear part of the time range (t = 0-120 min). For experiments that included ruthenium red (RR; a known inhibitor of TRPV channels), RR was added at t = 60 min to the apical side to a final concentration of 10 mM, followed by 10 ml sample withdrawal at time points 30 and 60 min post-RR addition. RR concentration of 10 mM was chosen on the basis of on previous studies that reported maximal inhibition of TRPV5-mediated transcellular Ca 2+ transport upon exposure of rabbit primary CNT cultures to this RR concentration (32) .
Immunocytochemistry
Tubules were cultured on transwell inserts as previously described. At d 7, monolayers were first rinsed with ice-cold PBS followed by 30-min fixation and 15-min permeabilization in 4% (w/v) paraformaldehyde in PBS and permeabilization buffer [0.3% (v/v) Triton X-100 in PBS and 0.1% (w/v) bovine serum albumin], respectively. Filters were incubated overnight at 4°C with anti-acetylated a-tubulin (raised in rabbit, 1:800; Lys40 D20G3; Cell Signaling Technology, Danvers, MA, USA) in goat serum dilution buffer [16% (v/v) goat serum in PBS, pH 7.4]. Next, filters were washed with PBS and incubated for 1 h at room temperature in 1:250 diluted Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) in goat serum dilution buffer in the dark. Filters were further costained with anti-zonula occludens 1 against the tight junction protein zonula occludens 1 (raised in mouse, 1:250; Thermo Fisher Scientific) for 2 h at room temperature, followed by 1 h incubation with 1:250 diluted Alexa Fluor 648-conjugated anti-mouse IgG (Molecular Probes), and mounted on slides using Mowiol (Polysciences Europe GmbH, Eppelheim, Germany). DAPI was used as nuclear counterstain.
Confocal imaging and image processing
Images were acquired by using an Olympus FV1000 confocal laser scanning microscope equipped with a 360 oil-immersion objective. Primary cilia were identified as dense dots on the xy plane. A z stack with 0.1-0.25 mm between each slice was acquired throughout the length of the ciliary axoneme and the nucleus. This represented roughly 65-80 slices for each cell projected along the z axis using the maximal intensity of each pixel. At least 2 z-stack images were captured for each experimental group. Cilia count and length were measured by using the opensource platform Fiji (https://fiji.sc/ ) or ImageJ (http://imagej.nih.gov/ ij/ ) software (National Institutes of Health, Bethesda, MD, USA). Ciliated cells (in % of cell number) were quantified by taking the ratio of cilia count to number of cells as per tubulin and DAPI staining, respectively. Cilia length was quantified by fluorescence density of each cilium along the z axis.
Removal of primary cilia
To remove primary cilia from the primary DCT/CNT culture, chloral hydrate (CH; Sigma-Aldrich, St Louis, MO, USA) was used. CH is widely used to remove cilia from cells (33) (34) (35) . CH acts by disrupting cilia microtubules: as a result, cilia get detached from the cell surface. At d 5 of cell culture, cells were exposed to medium containing CH at a final concentration of 1 mM for 48 h. The final concentration of CH used was determined after testing a range of CH concentration (0.1-4 mM). For controls, only medium was refreshed.
Immunobloting
After 7 d of culture in either static or FSS conditions, primary DCT/CNT cells were lysed and analyzed by SDS-PAGE and immunoblotting as previously described (36) 
mg/ml pepstatin, 5 mg/ml proteinase A). Next, they were incubated at 37°C for 30 min and sonicated with a Branson Sonifier (Branson Ultrasonics, Danbury, CT, USA) before being loaded into 12% (w/v) acrylamide SDS-PAGE gel. Proteins were transferred to PVDF membranes (Immobilon-P; Millipore, Billerica, MA, USA) by electroelution. Immunoblots were incubated overnight at 4°C with rabbit anti-TRPV5 Ab [generated by O. Bonny et al. (37) ], mouse anti-calbindin-D 28k (1:5000, clone CB-955; Sigma-Aldrich), mouse anti-NCX1 (1:500, ab6495; Abcam, Uithoorn, The Netherlands), or mouse anti-b-actin (1:10,000, clone AC-15; Sigma-Aldrich), washed, and subsequently incubated with peroxidase-conjugated (1:10,000; Sigma-Aldrich) secondary Ab for 2 h at room temperature. All primary Abs have been demonstrated to be specific in mouse kidney (3, 36) . Immunoblots were enhanced by using ECL (Pierce, Etten-Leur, The Netherlands) and analyzed by using the ChemiDoc XRS system (Bio-Rad).
Statistics
Experiments were performed in duplicate or triplicate. Within each experiment, 2-4 samples were taken per experimental condition. For real-time qPCR, data were calculated by using the 2 2DDCt method (38) and represent mean fold difference from the calibrator group. All data were expressed as means 6 SEM. Differences between groups were assessed by using an unpaired Student's t test or a 2-way ANOVA followed by Tukey's test. Statistical significance was accepted at P , 0.05. Statistical analysis was performed by using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).
RESULTS
Characterization of primary cilia in primary DCT/CNT cultures
DCT/CNT tubule fragments were isolated from mouse kidneys by using the COPAS system and cultured on permeable filter supports under static or FSS conditions. To demonstrate the presence of primary cilia in our DCT/ CNT cultures, cells were fixed and stained with acetylated a-tubulin (a marker for cilia). The 7-d cultures of mouse DCT/CNT segments contain primary cilia that protrude perpendicular to the cell monolayer (Fig. 1A, B) . The percentage of ciliated cells and cilium length was further assessed between the 2 conditions, static and FSS. Approximately 70% of cells in the static condition were ciliated (Fig. 1A) , and cilium length ranged from 2.0 to 3.5 mm (Fig. 1D) . Compared with cells that were subjected to FSS, no significant differences were observed for either of the 2 parameters (Fig. 1C) .
Effect of FSS on transepithelial Ca 2+ transport
By using a 2-dimensional rocker system, DCT/CNT cultures were subjected to a pulsatile FSS of 0.12 dyn/cm 2 (induced by shaking). FSS induced by this system was within the physiologic FSS range in nephron tubules, where physiologic FSS is maximally 1 dyn/cm 2 (13) . As a validation step for our shaking setup, Ccl2 (encoding MCP1) gene expression was analyzed. FSS resulted in a 7-fold increase of MCP1 mRNA expression (Supplemental Fig. S1A ). In both static and FSS conditions, primary DCT/ CNT cells grown in culture form polarized cell monolayers that developed high transepithelial resistance; however, cells under FSS recorded lower transepithelial resistance than did controls (static) at 7 d after seeding (Supplemental Fig. S1B ). When studying whether transepithelial Ca 2+ transport responds to FSS, cells that were exposed to FSS showed a significant increase in transepithelial Ca 2+ transport (P , 0.05) compared with their static counterparts ( Fig. 2A, B) . Furthermore, in a separate experiment, Figure 1 . Detection and quantification of cilia in primary DCT/CNT cultures under static or FSS conditions. Tubules were cultured in 24-transwell filters and stained with acetylated a-tubulin Ab (1:800), a marker for primary cilia (red) or pTRPV5-eGFP expression (green). Anti-zonula occludens 1 staining (purple) and DAPI (blue) were used as tight junction and nuclear counterstain, respectively. A) Cilia in static and FSS conditions. B) 3-dimensional construction using ImageJ 3-dimensional viewer from z stack scanning. C ) Percentage of ciliated cells in both static and FSS conditions. D) Length of primary cilia was measured by using ImageJ. Two cross-sectional plane (x-y and x-z) views of 2 representative cilia, indicated by 1 and 2, and their corresponding length.
RR was added at the 60-min time point. Transepithelial Ca 2+ transport was abolished after addition of RR as illustrated in Fig. 2C .
Effect of FSS on gene and protein expression of DCT/CNT Ca 2+ transporters
Gene expression of Trpv5, Calb1 (encoding calbindin-D 28K ), Slc8a1 (encoding NCX1), and Atp2b4 (encoding PMCA4a) was then analyzed by real-time qPCR. mRNA levels of TRPV5 and NCX1 increased by 2-and 1.5-fold, respectively, compared with static controls (Fig. 3A) ; however, no significant effects on Atp2b4 and Mks1 (a gene involved in ciliogenesis) expression were observed. Conversely, Calb1 expression was significantly lower in cells that were exposed to FSS. In immunoblots for calbindin-D 28k , specific 28-kDa bands were detected (Fig. 3C) , coinciding with the reported specific bands by van der Hagen et al. (3) in mouse kidney. After semiquantification of protein expression levels and correction against b-actin expression, we detected a significant decrease of calbindin-D 28k expression in the FSS group compared with static conditions (Fig. 3D ), which correlated with calbindin-D 28k mRNA expression levels. In contrast, anti-TRPV5 and anti-NCX1 did not show specific immunoreactivity in immunoblots of primary DCT/CNT cultures.
Effect of CH exposure on primary cilia removal, transepithelial Ca 2+ transport, and expression of calciotropic genes To evaluate the contribution of primary cilia to FSSinduced Ca 2+ transport, sheared cells were treated with CH to remove cilia. First, we determined the optimum concentration and exposure duration of CH (Supplemental Fig. S2 ). A concentration of 1 mM for 48 h-from d 5 to 7 postseeding-removed primary cilia in .90% of cell monolayers (Fig. 4A) . This concentration and exposure duration had no effect on cell monolayer integrity as assessed by transepithelial resistance measurements (Fig. 4B) . Conversely, although use of 2 mM CH for 48 h induced a greater decrease in transepithelial Ca 2+ transport (Supplemental Fig. S3 ), this concentration yielded offtarget effects that affected cytoplasmic microtubule arrangement (Supplemental Fig. S2 ). In detail, these offtarget effects were illustrated by cytoplasmic microtubules that turned acetylated and changed their appearance to a condensed and curled configuration (Supplemental Fig.  S2 ). This aberrant microtubule configuration has been previously related to off-target effects of CH exposure (33) . Consequently, the concentration of 2 mM CH was not used in further experiments. In subsequent experiments, static and sheared cells were thus exposed to 1 mM CH for 48 h, followed by radioactive Ca 2+ transport assay. CH-treated cells-both static and FSS exposed-showed a decrease in Ca 2+ transport compared with untreated cells, independent of FSS (Fig. 4C) . On the other hand, removal of primary cilia did not abolish the FSSmediated increase in transepithelial Ca 2+ transport. In both CH-treated and -untreated conditions, FSS stimulated Ca 2+ transport compared with static conditions. Of importance, exposure of primary DCT/CNT cultures to 1 mM CH resulted in down-regulation of the expression of genes involved in transepithelial Ca 2+ transport, namely Trpv5, Calb1, Slc8a1, and Atp2b4 in static and FSS conditions (Fig. 5) . In contrast, expression of other calciotropic genes that do not mediate transepithelial Ca 2+ transport, namely Trpv4 and Pkd2, remained unchanged upon exposure of primary DCT/CNT cultures to 1 mM CH in both static and FSS conditions (Fig. 5) .
DISCUSSION
In the present study, we have demonstrated that transepithelial transport of Ca 2+ in ciliated primary DCT/CNT cultures is increased as a result of physiologic and pulsatile FSS (0.12 dyn/cm which results in an increased capacity for Ca 2+ reabsorption. Thus, we have disclosed a new mechanism that regulates TRPV5 channel activity. From a physiologic point of view, these findings show how the distal parts of the nephron adjust their Ca 2+ reabsorption capacity to variable FSS, thereby maintaining Ca 2+ balance. Moreover, we have demonstrated that mechanosensation of FSS is not restricted to the primary cilium, postulating cilia-independent mechanisms; however, correct function of the primary cilium, which relies on its structural integrity, plays an important role in transepithelial Ca 2+ transport in DCT/CNT by regulating Trpv5, Calb1, Slc8a1, and Atp2b4 expression independently of FSS sensing.
In previous studies, we have devised a novel approach to culture primary cells from mouse DCTs and CNTs, showing TRPV5-dependent transcellular Ca 2+ transport (3). This approach combines use of transgenic mice that express eGFP under the control of a TRPV5 promoter with COPAS technology to sort DCT and CNT segments at higher efficiency and quality compared with microdissection isolation methods. These novel primary cultures preserve many characteristics of intact DCT and CNT cells, thus recapitulating the in vivo physiology of Ca 2+ handling (3, 29) . Subsequently, the apical side of primary cells thus isolated was exposed to FSS. Although numerous studies have addressed the effects of FSS on cell physiology, there is still no integrated experimental model to study effects of FSS on transepithelial electrolyte transport. A simple 2-dimensional rocker system provides an oscillatory flow, unlike the typical unidirectional pulsatile tubular fluid flow observed in renal tubules. Nevertheless, the oscillatory flow by a 2-dimensional rocker system generates pulsatile FSS, the component of stress that arises from the mechanical force elicited by typical urinary flow (30) (39) . In addition, FSS generated with the 2-dimensional rocker system in the present study was of 0.12 dyn/cm 2 , which was within the physiologic FSS range experienced by nephron tubules (13) . Therefore, with our experimental settings, we have mimicked mechanical stress that is experienced by cells of the DCT and CNT segments of the nephron. Yet, to validate whether our applied shear stress triggered an FSS-mediated response, we assessed gene expression of MCP1, a gene that has been previously reported to be up-regulated in FSS (0.4 dyn/cm 2 )-exposed renal epithelial cells (40) . In agreement with previous studies (40) , our findings illustrate that our 2-dimensional shaking setup is a valid approach to induce FSS in primary DCT and CNT cultures.
COPAS-sorted mouse DCTs/CNTs can be cultured in a polarized cell monolayer to study TRPV5-mediated transepithelial Ca 2+ transport as measured by 45 Ca 2+ transport assay. This approach was previously employed to demonstrate TRPV5 stimulation by parathyroid hormone or blockage by RR (3). By using the same methodology, we here studied the effect of FSS on transepithelial Ca 2+ transport. Remarkably, transepithelial Ca 2+ transport was significantly enhanced in cells that were exposed to FSS compared with static controls (Fig. 2A) . This is the first time, to our knowledge, in which this stimulus (FSS) has been associated with transepithelial Ca 2+ transport in DCTs/CNTs. Yet whether increasing degrees of FSS are positively correlated with transepithelial Ca 2+ transport rates remains to be investigated. Low transepithelial resistance of cell monolayers can result in leakage of ions, which may account for unspecific Ca 2+ transport. Cells that were exposed to FSS gave lower transepithelial resistance values compared with static controls (Supplemental Fig. S1B ), a finding that prompted us to test whether the enhanced Ca 2+ transport was not a result of leakage. Figure 2C shows that transepithelial Ca 2+ transport was interrupted upon addition of RR, which is often used to block TRPV5 activity (32, 41) . Although RR inhibits other calciotropic TRPV channels (e.g., TRPV4), transepithelial Ca 2+ transport (the readout measured when incubating primary DCT/CNT cultures with RR) in the DCT/CNT segment is mediated by TRPV5 (42) and not by other RR-sensitive TRPV channels, such as TRPV4, which are mainly involved in Ca 2+ signaling (43) . Hence, unspecific inhibition of other TRPV channels did not translate into inhibition of transepithelial Ca 2+ transport. From this observation, we concluded that RR-sensitive transepithelial Ca 2+ transport measured in the present study is most likely TRPV5 mediated.
We next tested the effects of FSS on expression of calciotropic genes, namely those that encode TRPV5, calbindin-D 28K , NCX1, and PMCA4a. PMCA4a was chosen over PMCA1 because, in a previous study, we found that PMCA4a is a coregulated component of TRPV5-mediated transepithelial Ca 2+ transport in DCTs/CNTs (3) . Several studies have demonstrated that FSS stimulates gene Figure 4 . Removal of primary cilia by using CH and transepithelial Ca 2+ transport in primary DCT/CNT cultures under static or FSS conditions. A) Monolayer was exposed to medium that contained CH (1 mM) for 48 h, followed by staining with acetylated a-tubulin Ab (1:800), a marker for primary cilia (red) and DAPI (blue) as nuclear counterstaining. B) Development of transepithelial resistance (V×cm 2 ) was assessed before (d 5; white bar) and after addition of CH for 48 h (d 7; black bar) in static or FSS-exposed monolayer. Resistance was measured by using an epithelial volt-ohm meter. C ) Ca 2+ transport rate was assessed in tubules that were cultured for 7-8 d by measuring transport (nmol/cm 2 /h) of 45 Ca 2+ from the apical side to the basolateral compartment in the presence of 1 mM Ca 2+ at time points up to 120 min. Results are presented as means 6 SEM. *P , 0.05 compared with static control (n = 3).
expression in blood endothelial vessels (44) and renal epithelial tubules (40) . In podocytes, collecting duct, and proximal tubules, FSS stimulates Cox2 mRNA expression (45) (46) (47) . Additional studies have shown that mRNA expression of MCP-1 (40) and endothelin-1 (48, 49) is increased in collecting duct cells exposed to FSS. Collectively, these previous findings suggest that FSS regulates gene expression, most likely altering functional protein levels in DCT and CNT cells. This hypothesis is further characterized in the present study where DCTs/CNTs cultured under FSS significantly increased expression of TRPV5 and NCX1 mRNA (Fig.  3A) . TRPV5 is responsible for Ca 2+ influx, whereas NCX1 constitutes the major efflux system; therefore, our results suggest that the increase in transepithelial Ca 2+ transport that was observed upon FSS sensing in DCT/CNT cells is caused by an increase in TRPV5 channel activity that is facilitated via an increment of its mRNA levels. Conversely, mRNA expression of calbindin-D 28k significantly decreased in sheared DCT/CNT cells compared with static controls (Fig. 3A) , a trend that correlated with a decrease in its protein abundance (Fig. 3D) . These findings indicate a more prominent role for TRPV5 (and NCX1) compared with calbindin-D 28k in regulation of transepithelial Ca 2+ transport in kidney. This conclusion is supported by the fact that whereas calbindin-D 28k -knockout mice exhibit normal Ca 2+ balance or mild hypercalciuria (depending on dietary Ca 2+ content), TRPV5-knockout mice show profound hypercalciuria and compensatory intestinal Ca 2+ hyperabsorption (50) . Although much remains to be understood about the mechanosensory ability of cells, primary cilium has been described as a major mechanosensory organelle (51) (52) (53) . Given this notion, we postulated that primary cilium might have mediated the increase in transepithelial Ca 2+ transport that was observed after FSS exposure. Proper function of primary cilium relies on its structure integrity (54) . When characterizing the quantity and length of DCT/ CNT primary cilia in our experimental setups, approximately 70% of cells were ciliated and their length ranged from 2.5 to 3.5 mm, which is a typical cilium length in renal epithelia. Consequently, further studies on the influence of FSS on development of polarized cell monolayers and primary cilia were conducted, as previous studies on proximal tubular cultures reported that flow enhances tight junction formation and increases the number of ciliated cells (55) . However, FSS as a result of shaking did not increase the number of ciliated cells (60-70% ciliated cells), nor did it significantly affect cilium length.
We have also studied transepithelial Ca 2+ transport in the absence of primary cilia. Removal of cilia was achieved by adding CH to the medium. Praetorius et al. Fig. S2 ) revealed that the set point for CH concentration to deciliate .80% of cells is lower in our primary culture (1 mM) than for other cell lines reported (4 mM). By using 1 mM of CH for 48 h, nearly 90% of cells were deciliated (Fig. 4A) . To examine the role of primary cilia in transepithelial Ca 2+ transport, we treated cells with 1 mM CH to remove cilia, followed by a transport assay. Absence of cilia significantly decreased transepithelial Ca 2+ transport in both static and FSS-exposed cells (Fig. 4C) . Similarly, removal of cilia also resulted in a decrease in mRNA expression of genes that encode proteins that sustain transepithelial Ca 2+ transport in DCTs/CNTs, namely Trpv5, Calb1, Slc8a1, and ATP2b4, in static and FSS conditions (Fig. 5) . This indicates that primary cilium plays a role in transepithelial Ca 2+ transport by regulating expression of key transepithelial Ca 2+ transport genes. Yet this mechanism is not linked to FSS sensing by primary cilia. Of importance and despite the decrease in transepithelial Ca 2+ transport associated with absence of primary cilia in both static and FSS conditions, expression of Trpv4 remained unchanged when ciliated cells were compared . Genes measured were Trpv5, Calb1 (encoding calbindin-D 28K ), Slc8a1 (encoding NCX1), Atp2b4 (encoding PMCA4a), Trpv4, and Pkd2 (encoding PC2). Gene expression levels were normalized to the expression levels of the reference gene Hprt. White bars refer to untreated primary DCT/CNT cultures, whereas black bars refer to treatment with 1 mM CH for 48 h. Results are shown as means 6 SEM. *P , 0.05 compared with CH-untreated condition (n = 4).
with nonciliated cells in these 2 conditions (static and FSS). This finding further supports the lack of association between transepithelial Ca 2+ transport and TRPV4, which strengthens our previous exclusion of TRPV4 as a channel that can potentially affect transepithelial Ca 2+ transport in our setup. In contrast, we still observed stimulation of transepithelial Ca 2+ transport by FSS in the absence of primary cilia (CH-treated cells). This particular finding indicates that the increase in TRPV5-mediated Ca 2+ transport that was observed under FSS conditions has a cilia-independent component. In this sense, in the absence of primary cilia in the cell, PC1 localizes in the plasma membrane, serving putatively as a mechanosensor external to the cilium (26, 27, 56, 57) . Therefore, we postulate that the increase in transepithelial Ca 2+ transport that was observed in the absence of primary cilia in DCT/CNT cells that were exposed to FSS might potentially be attributed to mechanosensing by PC1 localized in the plasma membrane.
Furthermore, it is possible that mechanosensation mechanisms other than PC1 that are present in renal cells are activated by FSS. Specifically, the glycocalx, integrin signaling, and several transmembrane ion channels display mechanosensory properties (22, 23) and might thus be potential candidates to explain the link between FSS sensing and transepithelial Ca 2+ transport independently of primary cilia.
In summary, cells of DCTs and CNTs translate FSS into a physiologic response that implicates an increased transepithelial transport of Ca
2+
. This increase in Ca 2+ transport is mediated by the apical channel TRPV5 and is induced by an up-regulation of its mRNA expression. In addition, primary cilia were demonstrated to influence transepithelial Ca 2+ transport in DCT and CNT cells by regulation of the expression of key genes for transepithelial Ca 2+ transport; however, our data indicate that this physiologic process is uncoupled to sensing of FSS by these organelles.
